Pollen morphology of 53 taxa of the South American genus Alstroemeria was examined using light and scanning electron microscopy (LM and SEM, respectively) or only with SEM in search of new characters that might contribute to infrageneric classification of this genus. The Alstroemeria species are stenopalynous, characterised by monosulcate and large monads with striate-reticulate exine sculpture. Pollen with auriculae-like structures at each end of the sulcus is reported for the first time in Alstroemeria. Based on exine sculpture, the studied taxa were divided into two major groups; one with striate-reticulate exine (Type I) and the other with finely to coarsely rugulate-psilate exine (Type II). Type I exine sculpture can be further divided into two Bangladesh. E-mail: gsshameem@gmail.com (Received 29 March 2010; accepted XX October 2010) A. K. M. G. Sarwar et al.
chromosome morphology and C-banding pattern (Buitendijk & Ramanna, 1996) may support the division of Alstroemeria species into two groups based on geographic distributions; the Brazilian and the Chilean taxa. However, molecular phylogenetic studies of Alstroemeria failed to clarify unambiguously the position and relationships among the studied taxa (Dubouzet et al., 1998; Han et al., 2000; Aagesen & Sanso, 2003; Aros et al., 2006) . Here, we therefore present a general pollen survey on Alstroemeria based on both light and scanning electron microscopy to search for new characters that could add information pertinent to infrageneric classification of this genus.
Materials and methods
Pollen morphology of 53 taxa (50, out of ca. 60, species, 2 sub-specific taxa and an interspecific hybrid) of Alstroemeria was examined with LM and SEM or only with SEM (see "List of specimens investigated"). Mature anthers from both dried herbarium specimens Nursery Ltd., Mobara, Japan, were collected and used to perform the analyses. Abbreviations of the herbarium names are according to the Index Herbariorum (Holmgren et al., 1990) .
Before pollen was extracted, fresh anthers were fixed in FAA and anthers from herbarium specimens were rehydrated in acetic acid for more than 24 hours. Pollen studies, both with LM and SEM, were carried out on mature non-acetolysed pollen, with the intention of preserving the integrity of the intine. The pollen was dehydrated in an ethanol series and mounted in silicone oil (viscosity 3000 cs) for LM observations. The following pollen dimensions were measured: polar length (P), equatorial diameter (E) and exine thickness (ET); the P/E ratio was also calculated. The measurements were done under a microscope (Primo Star, Carl Zeiss) with an image analyser, Digital Sight Camera (DS-5M, Nikon). The arithmetic mean, standard deviation and the maximum and minimum values were calculated A. K. M. G. Sarwar et al. Pollen morphology in Alstroemeria after (at least) 30 measurements for each parameter except in Alstroemeria virdiflora (Table   1) virdiflora was less than 10, so no standard deviation was calculated for this species. Principal component analysis (PCA) and agglomerative hierarchical clustering (AHC) were also conducted using the same program to visualise the relationships among the studied species based on pollen data. A dendrogram was built by AHC. Pollen slides of all collections are deposited in the Hokkaido University Museum, Sapporo. Pollen size and shape classes follow Erdtman (1952) and descriptive terminology follows Punt et al. (1994 Punt et al. ( , 2007 .
For SEM, pollen grains were dehydrated through an ethanol series, critical point dried with a Hitachi HCP-2 critical point drying apparatus, mounted on aluminum stubs and sputter coated with Gold-Palladium by a Hitachi E102 ion sputter. Subsequently, the prepared pollen was examined and photographed with a Jeol JSM-5310LV scanning electron microscope operated at 15kv. The SEM micrographs of equatorial exine sculpture of similar position were used for the purpose of description and comparison.
Results
Based on LM and SEM observations, pollen grains are monads, large, heteropolar, bilateral; usually distinctly equatorially plano-convex or biconvex, amb elliptical; monosulcate, sulcus A. K. M. G. Sarwar et al. Pollen morphology in Alstroemeria on the convex part of the grains, distinct, long, straight, wide at the equator, narrow near the poles; auriculae-like structure at each end of the sulcus was observed in some taxa under both LM and SEM (Figures 1, 2 Figures 2, 3, 4A-L), with the sculpture elements radiating from the proximal pole. Although a continuous variation is observed in the exine sculpture, two sub-types can be distinguished within the Type I (striate-reticulate) exine sculpture based on the width of muri as follows:
Type Ia: Width of muri is (generally) smaller than 1 µm (Figures 3, 4 , 5A-B). Exine sculpture of this sub-type is very common and observed in Alstroemeria achirae, A. amazonica, A. andina ssp. venustula, A. angustifolia , A. aurea , A. cunha, A. diluta ssp. diluta, A. filipendula, A. gardnerii, A. guyana, A. haemantha, A. hookeri, A. hookeri ssp. recumbens, A. hygrophila, A. insignis, A. kingii, A. leporina, A. lineatiflora, A. monticola, A. orchidioides, A. paupercula, A. pelegrina, A. pelegrina var. alba, A. plantaginea, A. polyphylla, A. psittacina, A. pulchella, A. pulchra, A. pygmaea, A. revoluta, A. sellowiana, A. stenopetala, A. versicolor, A. viridiflora and A. werdermannii. Type Ib: Width of muri is (generally) equal or larger than 1 µm ( Figure 5C -I) as observed in Alstroemeria amabilis, A. exerens, A. foliosa, A. garaventae, A. presliana, A. umbellata and A. zoellneri. A. K. M. G. Sarwar et al. Pollen morphology in Alstroemeria A few species, viz. Alstroemeria inodora, A. isabellana, A. ligtu, A. magnifica var. magenta, A. pallida, A. violacea Figure 6B -F), were seen. The striate muri are arranged in a parallel to the sub-parallel pattern. In some species small interconnecting muri are apparent between the striae. The structure results in elongate perforations, and gives a semi-tectate exine structure (e.g., Figure 3H ). The exine sculpture along the sulci is similar to that appearing at the equatorial position, but has a relatively flat surface.
In principal component analysis (PCA) using the LM characters, the first and second principal components explain 79.73% of the variance of the sample, 43.94% for the first component -Factor 1; and 35.79% for the second -Factor 2 ( Table 2) In agglomerative hierarchical clustering (AHC) using quantitative characters, the taxa studied were distributed in three major clusters (Figure 8 ). Although all of these three clusters included both the Brazilian and Chilean species, Cluster 1 (Brown) mainly comprises Chilean species, but also Alstroemeria isabellana, the only Brazilian species included here, and Cluster 3 (Pink) mainly comprises Brazilian species as well as two Chilean taxa, A. ligtu and A. pallida. Moreover, when we add the exine sculpture data for the AHC analysis, there was only a change in the position of A. violacea from Cluster 2 (Green) to Cluster 3 (figure not shown).
Discussion

Variations in pollen morphological characters
All the Alstroemeria species examined are characterised by monad, monosulcate and large pollen with striate-reticulate exine sculpture indicating that the genus Alstroemeria is a closely related entity. This is in agreement with previous reports (Erdtman, 1952; Heusser, 1971; Schulze, 1978; Kosenko, 1994; Rudall et al., 2000; Sanso et al., 2005; Hofreiter, 2006) . However, there are significant differences in the value of quantitative palynological characters that may to some extent be related to differences in the preparation of pollen grains
Pollen morphology in Alstroemeria (Schols et al., 2004) , as well as the mounting media (Meltsov et al., 2008 and references therein) . We have used non-acetolysed pollen grains mounted in silicone oil for our measurements; however, all other researchers, except Sanso and Xifreda (2001) , used acetolysed pollen for their observations and measurements. Although the majority of palynologists use the acetolysis method of Erdtman (1960) or the slightly modified method of Reitsma (1969) for the preparation of pollen grains for LM and SEM observations, these methods themselves also affect the size of pollen grains. The increase of pollen size after acetolysis varies among genera, sometimes even among species. In most instances, acetolysing for three minutes or more does not affect the size significantly (Reitsma, 1969) or between 6 and 30% (Schols et al., 2004) . Pollen grains mounted in silicon oil were also smaller than grains mounted in glycerine (Faegri & Iversen, 1975; Meltsov et al., 2008) .
Previously, auriculate pollen has been reported only for a few Bomarea species (Elsik & Thanikaimoni, 1970; Neuendorf, 1977; Schulze, 1978) . We have for the first time observed the presence of auriculae-like structures at each end of the sulcus also in some Alstroemeria species (Figures 1, 2, Table 1 ). However, the majority of species of Alstroemeria as well as Bomarea have non-auriculate pollen (Table 1 ; Sanso & Xifreda, 2001 ).
No correlation between ploidy level and palynological features of Alstroemeria has been found. Alstroemeria ligtu is tetraploid and all other Alstroemeria species are diploids (Tsuchiya et al., 1987) , and the pollen grains of A. ligtu are similar or sometime smaller than
Pollen morphology in Alstroemeria other diploid species (Table 1) . Among the Chilean species, the smallest pollen grains of A. polyphylla may represent its exceptional geographical distribution. Alstroemeria polyphylla, as well as A. kingii, is adapted and endemic to the Atacama Desert, one of the driest parts of the world (Hofreiter, 2007) . Water availability may affect the pollen morphology, and reduced pollen size resulting from dry soil conditions has been suggested by Stanley and Linskens (1974) , related to a general depression of synthesis and growth during onset of meiosis.
Although we did not conduct any correlation studies between floral and pollen morphological characters, there might be a positive correlation between floral diameter and pollen grain size in Alstroemeria. For example, A. revoluta has tiny flowers with a diameter of about 1 cm while others such as A. magnifica and A. pelegrina, have large, showy flowers with a diameter of up 7 cm (Sanso et al., 2005) . Among the taxa studied, A. pelegrina also produces the largest pollen grains (75.19 µm) while A. revoluta produces relatively smaller grains (64.35 µm; Table 1 ). The largest values of E, P/E and ET are observed in different taxa, viz. A. hookeri, A. andina ssp. venustula and A. magnifica var. magenta, respectively (Table   1) . Pollen of Alstroemeria was described as monosulcate (Kosenko, 1994) , but his SEM illustration of A. pallida shows possible opercula, although this requires confirmation by TEM. No Alstroemeria species with operculate pollen has been observed in this and other
Pollen morphology in Alstroemeria previous studies (Sanso & Xifreda, 2001; Furness & Rudall, 2003; Sanso et al., 2005; Hofreiter, 2006) . Furness & Rudall (2003, figs. 2B-D) described Alstroemeria pollen as monosulcate with insulae on the aperture membrane; the exine is semitectate columellate in the non-apertural area and solid adjacent to the aperture. Although no difference has been observed in the exine of two Alstroemeria species previously studied (Sanso & Xifreda, 2001; Furness & Rudall, 2003) , the detail study of exine structure by TEM may find some new characteristics those might be important for both infrageneric classification and phylogenetic studies of Alstroemeria and Alstroemeriaceae as well. Therefore, it might be an interesting topic for future studies. Kosenko (1994) has also reported striate exine sculpture in four Alstroemeria species.
Our and other previous studies (Sanso & Xifreda, 2001; Sanso et al., 2005; Hofreiter, 2006) did not observe any species with striate exine sculpture, though finely to coarsely reticulate-psilate exine sculpture has been observed in rare cases ( Figure 6B-F) .
The striate-reticulate exine sculpture of pollen might represent an entomophilous (or insect pollinated) mode of pollination in Alstroemeria (Dahgren & Clifford, 1982; Aker & Healy, 1990; Bayer, 1998; Hofreiter, 2007) . A general relationship between pollen morphology and the pollen vectors of anemophilous and entomophilous species has been known since along ago (Wodehouse, 1935) .
Pollen morphology in Alstroemeria
Taxonomic significance of palynological features
Inclusion of the monotypic genus Schickendantzia in Alstroemeria and, in consequence, the resurrection of A. pygmaea, has recently been proposed (Sanso & Xifreda, 1999) . In morphological, anatomical and karyotype studies, A. pygmaea falls clearly within the variation range of Alstroemeria (Sanso, 1996 (Sanso, , 2002 Sanso & Xifreda, 1999 , 2001 ). The exine sculpture of A. pygmaea ( Figure 4A ) also shares interesting similarities with the Alstroemeria pollen examined in the present study (Figures 3, 4 , 5A, B) and in previous studies (Kosenko, 1994 ) that supports inclusion of A. pygmaea in Alstroemeria.
The pollen morphological data do not support the division of Alstroemeria species into two distinct groups, i.e., the Brazilian and Chilean, corresponding to the geographical distribution. Little or no significant differences were observed in all quantitative characters (P, E, P/E ratio and ET) between the Brazilian (P: 59.27-71.24 µm, E: 34.37-39.37 µm, P/E: 1.69-1.92 ET: 1.35-2.31 µm) and the Chilean (P: 61.75-75.19 µm, E: 33.80-43.85 µm, P/E: 1.50-1.94, ET: 1.50-2.70 µm) species groups in either this (Table 1) or the previous studies of Alstroemeria pollen (Schulze, 1978; Kosenko, 1994) . The smallest pollen grains in the genus are produced by the Brazilian species. Exceptions are A. virdiflora and A. orchidioides that produce larger pollen. Alstroemeria orchidioides also diverges from the other Brazilian species in several exceptional morphological features. For example, it is the only Brazilian
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Pollen morphology in Alstroemeria species that produces white flowers, and the hysteranthus condition of A. orchidioides flower is very unique, unknown elsewhere in the genus (Meerow et al., 1999, p. 443) . The number of pollen grains available from herbarium specimens of the Brazilian taxa was fewer than that of the Chilean taxa. Therefore quantitative characters of some of the Brazilian species (and a few Chilean species) could not be measured in LM (Table 1 ).
The exine sculpture and other qualitative characters also did not show any distinct difference between these two geographic groups (Figures 3-6 , Table 1 ). The exine sculpture has emerged as one of the valuable characteristics for distinguishing between two closely related genera of the Alstroemeriaceae, Alstroemeria and Bomarea (Sanso & Xifreda, 2001 ).
Width and arrangement of muri (Sanso & Xifreda, 2001 , p. 1067 venustula and A. polyphylla , which may represent their exceptional palynological features, i.e. the highest values of equatorial diameter, exine thickness and P/E, and the lowest value of P/E, respectively (Table 1) . It is also noteworthy that the polar length of pollen grains did not directly affect the position of any taxon on the principal component plot; on the contrary, the P/E ratio had a strong influence. The position of the Alstroemeria hybrid, within the Chilean taxa, may indicate to the fact that it is an outcome of crossing between two taxa of Chilean origin (Figure 7 ; I. Miyake, personal communication).
In the AHC dendrogram, Cluster 1, the largest cluster in terms of species number, comprises mainly taxa from central Chile (Hofreiter, 2007) and only one Brazilian species, Alstroemeria isabellana (Figure 8) . Alstroemeria aurea has a wide geographical spread and its ecotypes are believed to be the ancestor of all other Chilean species (Han et al., 2000) .
Although not found in Brazil, A. aurea plants grow on both sides of the Andean Mountains in Argentina, supporting the possibility that A. aurea ecotypes were also ancestors of the Brazilian species (Han et al., 2000) . Based on rbcL data, Aagesen and Sanso (2003, figure   1C) (Aker & Healy, 1990; Sanso et al., 2005) . The members of Cluster 1 produce commonly large-sized pollen grains (larger than 70.0 µm) except A. garaventae and A. hookeri (Table 1) . Cluster 3, the smallest cluster in terms of species number, is mainly composed of Brazilian species as well as the Chilean taxa A. ligtu and A.
pallida. The inclusion of these two Chilean species might be due to their smaller pollen grains; members of this cluster produce pollen grains of 67.0-69.0 µm in polar length (Table   1 ).
Based on RAPD markers, Dubouzet et al. (1998) 
placed the Brazilian species
Alstroemeria inodora and A. brasiliensis in the same group as the Chilean species A. ligtu. In their recent study on the estimation of genetic diversity of Alstroemeria, Aros et al. (2006) indicated that the Brazilian species A. psittacina appeared to have the closest association with both A. ligtu ssp. ligtu and A. ligtu ssp. incarnata. Thus, these species were clustered together and could not be separated in a group with other than Chilean species. Even using the morphological descriptors, A. garaventae and A. psittacina were clustered in a subgroup located further away from the rest of the wild Alstroemeria species (Aros et al., 2006) . Thus, neither method was able to differentiate A. psittacina and other Brazilian species in a separate cluster from the Chilean species group. Moreover, some of the Chilean species showed wide cross-compatibility with not only Chilean but Brazilian species as well (Shinoda & Murata, A. K. M. G. Sarwar et al. Pollen morphology in Alstroemeria 2003; Bridgen et al., 2009) . Alstroemeria exserens and A. spathulata showed the lowest genetic distance and were assigned as sister species in an isolated group from the rest of the accessions (Aros et al., 2006) . The close relationship between these two taxa is also supported by the palynological features ( Figures 5C, 6B, 7, 8 , Table 1 ).
Conclusions
Until now, all attempts to establish an infrageneric classification of Alstroemeria have been controversial. Molecular phylogenetic studies of Alstroemeria were based mainly on Chilean species, and only a few Brazilian species were included in these studies (Dubouzet et al., 1998; Han et al., 2000; Aagesen & Sanso, 2003; Aros et al., 2006) . These studies, moreover, failed to clearly identify the position and relationships among the studied taxa. Here, we have demonstrated that pollen morphological features do not support the division of Alstroemeria species into a Brazilian and a Chilean species group corresponding to geographical distribution and the combined analyses of morphological, palynological and molecular data from a larger number of both species and specimens may be useful to identify relationships among the species as well as infrageneric classification of Alstroemeria. 
